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METHOD FOR CONTROLLING ENGINE
TIMING

TECHNICAL FIELD

The present invention relates generally to engine timing
strategies and, more particularly, to an engine timing strat-
egy for use with an internal combustion engine having an
aftercooler and associated cooling circuit.

BACKGROUND ART

Engine timing strategies are generally known for control-
ling engine timing to obtain desirable engine operational
characteristics. For example, it is known to retard engine
timing to provide torque management in a traction control
system or to retard engine timing to prevent engine detona-
tion or knock. See U.S. Pat. Nos. 5,265,693 and 5,235,952,
respectively. Similarly, it is known to retard engine timing in
response to engine temperature to prevent overheating of the
engine or to advance engine timing to improve startability of
an engine during cold starts. See U.S. Pat. Nos. 5,201,284
and 5,048,486, respectively. Another engine timing strategy
is known for controlling engine timing as a function of
engine rotational speed and throttle opening degree for

engine cold and warm-up states. See U.S. Pat. No. 5,027,
771.

While the above engine timing strategies permit desirable
engine operation for the described operating parameters,
specifically torque management in a traction control system,
reduction of engine knock and prevention of overheating
and improved starting, they do not address the need for
continuously controlling engine timing as a function of
‘engine speed and intake air temperature to reduce engine
emissions or to reduce fuel consumption.

For example, engine brake specific fuel consumption and
engine NOx emissions generally decrease with decreasing
intake air temperatures. However, a typical engine timing
strategy varies engine timing as a function of engine speed
irrespective of the engine intake air temperature. As a result,
the lower NOx emissions and reduced fuel consumption
available at the cooler intake air conditions cannot be
obtained with present timing strategies.

Additionally, exhaust temperatures and turbocharger
speeds increase with increasing ambient air temperatures
and intake air temperatures. Therefore, a need exists for
controlling engine timing as a function of engine intake air
temperature to maintain exhaust temperatures and turbo-
charger speeds within acceptable limits.

Conversely, peak cylinder pressures increase with
decreasing ambient air temperatures and intake air tempera-
 tures. Therefore, a need exists for controlling engine timing
as a function of engine ambient or intake air temperature to
maintain peak cylinder pressures within acceptable limuts.

DISCLOSURE OF THE INVENTION

According to one aspect of the present invention, a
method for controlling timing of an internal combustion
engine is disclosed, comprising the steps of sensing engine
air inlet temperature and producing an air inlet temperature
signal corresponding to the engine air inlet temperature,
sensing engine speed and producing an engine speed signal
corresponding to the engine speed, and controlling engine
timing in response to the air inlet temperature signal and the
engine speed signal.
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According to another aspect of the present invention, a
method for controlling timing of an engine is disclosed, the
engine including a heat exchanger adapted for flowing
coolant therethrough to cool inlet air to the engine, the
coolant having a temperature corresponding to that of the
inlet air, the method comprising the steps of sensing coolant
temperature of the heat exchanger and producing a coolant
temperature signal corresponding to the engine air inlet
temperature, sensing engine speed and producing an engine
speed signal corresponding to the engine speed, and con-
trolling engine timing in response to the coolant temperature
signal and the engine speed signal.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 is a schematic of an engine cooling system
according to one embodiment of the present invention.

FIG. 2 is a graphical illustration of an engine timing map
according to a second embodiment of the present invention.

FIG. 3 is a graph of brake specific fuel consumption
(BSFC-g/kw-hr) versus NOx emission (g/hp-hr) for an
engine utilizing the engine cooling system of FIG. 1 and the
engine timing map of FIG. 2.

FIG. 4 is a graph of low side aftercooler coolant tempera-
ture (°C.) versus ambient temperature (°F.) for an engine
utilizing the engine cooling system of FIG. 1 with a single
core radiator and the engine timing map of FIG. 2.

FIG. 5 is a graph of low side aftercooler coolant tempera-
ture (°C.) versus ambient temperature (°F.) for an engine
utilizing the engine cooling system of FIG. 1 with a split
core radiator and the engine timing map of FIG. 2.

FIG. 6 is a graph of brake specific fuel consumption
(BSFC-g/kw-hr) versus low side aftercooler coolant tem-
perature (°C.) for an engine utilizing the engine cooling
system of FIG. 1 with a single core radiator and the engine
timing map of FIG. 2.

FIG. 7 is a graph of brake specific fuel consumption
(BSFC-g/kw-hr) versus low side aftercooler coolant tem-
perature (°C.) for an engine utilizing the engine cooling
system of FIG. 1 with a split core radiator and the engine
timing map of FIG. 2.

FIG. 8 is a microprocessor subroutine for controlling
timing of an internal combustion engine in a variable speed

application according to one embodiment of the present
invention. |

FIG. 9 is a microprocessor subroutine for controlling
timing of an internal combustion engine in a constant speed
application according to another embodiment of the present
invention.

BEST MODE FOR CARRYING OUT THE
INVENTION

For the purposes of promoting an understanding of the
principles of the invention, reference will now be made to
the embodiments illustrated in the drawings and specific
language will be used to describe the same. It will never-
theless be understood that no limitation of the scope of the
invention is thereby intended, such alterations and further
modifications in the illustrated device, and such further
applications of the principles of the invention as illustrated
therein being contemplated as would normally occur to one

skilled in the art to which the invention relates.

Referring to FIG. 1, a typical engine cooling system
schematic 20 is shown for a large, aftercooled turbocharged
engine. Unlike medium duty engines that rely on air-to-air
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aftercoolers to cool the charged or pressurized air from the
turbocharger or turbochargers, cooling system 20 relies on a
liquid cooled, separate circuit aftercooler (SCAC) to cool the
turbocharged intake air.

In particular, schematic 20 depicts an engine 22 having an
aftercooler 24 mounted to an inlet, such as an intake and
distribution manifold, of engine 22. Means for supplymg
charged or pressurized intake air to aftercooler 24 is indi-

cated at 26 and can include one or more superchargers,
turbochargers or some combination thereof. In the preferred
embodiment, a pair of turbochargers (not shown) driven by
exhaust gasses from engine 22 supply the charged intake air.

Two cooling circuits, 28 and 30, are utilized in cooling
system 20 to cool engine 22 and the intake air flowing
through aftercooler 24, respectively. Cooling circuit 28
circulates engine coolant between engine 22 and radiator 32
via a first pump 34. Cooling circuit 30 circulates engine
coolant between aftercooler 24 and radiator 32 via a second
pump 36. Conventional coolant lines 38, 40 and 42 inter-
connect the various components of cooling circuit 28, while
conventional coolant lines 44, 46 and 48 interconnect the

various components of cooling circuit 30.

Radiator 32 receives engine coolant from each of the
cooling circuits adjacent to its top end 50 and returns engine
coolant to each of the respective coolant circuits adjacent to
its bottom end 52. Radiator 32 can be either of a split core
construction, wherein separate heat exchanger cores main-
tan the cooling circuits separate from one another, or of a
single or common core construction, wherein a single heat
exchanger core is utilized and the cooling circuits intermix
with one another within radiator 32. In the preferred embodi-
ment, radiator 32 1s constructed having a single core 54 and
the cooling circuits intermix therein. Such a single core
construction has been found to be particularly beneficial in

optimizing the radiator design as discussed hereafter in

greater detail.

In previous engine timing strategies, engine timing was
continuously controlled only as a function of desired pre-
determuined engine speed and actual engine speed. It should
be understood that desired engine speed is largely related to
the fuel demand (“rack’) required to accelerate or decelerate
the engine from the actual engine speed to the desired engine
speed. The relationship between the desired engine speed
and the actual engine speed is alternately expressed as
engine load. Typically, desired engine speed or fuel demand
is sensed as the degree of throttle input position. Similarly,
actual engine speed as used herein is largely related to the
rotational speed of the crankshaft. The particular point of
measurement of the desired engine speed and actual engine
speed varies according to the installation and is determined
typically by ease of access.

The present invention provides an engine timing strategy
which 1s a function of desired predetermined engine speed,
actual engine speed and engine air intake temperature.
However, because the engine air intake temperature exiting
the aftercooler is directly related to the low side aftercooler
temperature by known heat transfer characteristics, the low
side aftercooler temperature is sensed rather than directly
sensing engine air intake temperature. In the specific pre-
ferred embodiment, the low side aftercooler temperature is
sensed at the aftercooler coolant inlet using a conventional
engine coolant temperature sensor 55. Sensor 55 senses the
aftercooler coolant inlet temperature and produces an after-
cooler coolant inlet temperature signal corresponding to the
engine air inlet temperature. As a result, the preferred
embodiment eliminates the need for more expensive and less
reliable air temperature sensors.
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In a variable engine speed embodiment, such as in a
vehicle application, actual engme speed 1s sensed by a
conventional speed sensor 56 via a timing gear driven off the
engine crankshaft. Sensor 56 senses the timing gear speed
and produces a timing gear speed signal corresponding to
the actual engine speed. Desired engine speed is sensed at a
throttle 58 by a conventional throttle position sensor 60.

Sensor 60 senses the position of an operator controlled

actuator 62 and produces a throttle position signal corre-
sponding to the desired engine speed. A controller 64
receives the aftercooler coolant inlet temperature signal, the
timing gear speed signal and the throttle position signal and
controls the timing of engine 22 in response to these signals.
In the specific preferred embodiment, engine 22 is a diesel
engine having hydraulic/electronic unit injectors and con-
troller 64 is a microprocessor which produces a unit injector
signal to control engine timing. In an alternate embodiment,
engine 22 is a spark ignited engine and controller 64 is a
microprocessor that produces an ignition signal to control
engine timing.

In a constant engine speed embodiment, such as in a
stationary power generator set, engine speed is sensed by a
conventional speed sensor 56 via a timing gear driven off the
engine crankshaft. Sensor 56 senses the timing gear speed
and produces a timing gear speed signal corresponding to
the actual engine speed. Because generator sets operate at a
set speed corresponding to the required frequency of elec-
trical power delivery (i.e., 50 or 60 cycles per second) the
desired engine speed is fixed and there is no need for a
throttle 58. As a result, controller 64 receives only the
aftercooler coolant inlet temperature signal and the timing
gear speed signal and controls the timing of engine 22 in
response thereto. In particular, controller 64 compares the
timing gear speed signal to a predetermined fixed engine
speed corresponding to the required frequency of the elec-
trical power delivery and controls engine timing in response
to the aftercooler coolant inlet temperature signal and the
difference between the tumng gear speed 51gnal and the
predetermined fixed engine speed.

Referring now to FIG. 2, an engine timing map 100 is
shown which depicts generally an engine timing strategy
which is a function of desired engine speed (rack), actual
engine speed and aftercooler coolant inlet temperature. In
map 100, two timing surfaces, 102 and 104, are shown by
way of example; however, it is understood that an infinite
number of timing surfaces are available according to the
present invention. Timing surface 102 represents engine
timing as a function of desired engine speed (rack) and
actual engine speed for a first aftercooler coolant inlet
temperature, while timing surface 104 represents engine
timing as a function of desired engine speed (rack) and
actual engine speed for a second aftercooler coolant inlet
temperature. For example, at a given desired engine speed
(rack) and actual engine speed, the desired engine timing
varies between a first desired engine timing indicated at ‘A’
for timing surface 102 and a second desired engine timing
indicated at ‘B’ for timing surface 104.

The capability to vary engine timing as function of
aftercooler coolant inlet temperature in addition to engine
load and speed permits a wider range of engine operation
while still meeting engine temperature and peak cylinder
pressure limits. Further, the operating characteristics of the
engine can be tailored to the particular installation. For
example, minimum levels of NOx can be achieved at the
expense of engine BSFC, or alternately, minimum levels of
BSFC can be achieved at the expense of NOx emissions.

Retferring now to FIG. 3, a performance trade-off graph is
shown that 1s characteristic of engine 22. The performance
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trade-oft graph compares brake specific fuel consumption
(BSFC--g/kw-hr) to levels of engine NOx emission (g/hp-
hr) for a given engine load and speed. Lines 110, 112 and 114
are constant temperature lines corresponding to 30° C., 60°
C. and 90° C. aftercooler coolant inlet temperatures, respec-
tively. Engine timing varies along each of constant tempera-
ture hines 110, 112 and 114. In FIG. 3, the three constant
temperature lines are shown by way of example; however, it
is understood that an infinite number of constant temperature
lines are available according to the present invention, for
example, by merely interpolating between the three constant
temperature lines.

Line 116 is an operating limit line representing engine
exhaust temperature/turbocharger speed/maximum allow-
able BSFC and line 118 is an operating limit line represent-
ing peak cylinder pressure limits for the present invention.
Depending on the particular installation, the engine timing
strategy can be set to achieve minimum NOx emissions (line
116), minimum BSFC (line 118) or a best combination

thereof somewhere within the range defined between lines
116 and 118.

Conversely, dashed lines 120 and 122 are operating limit
lines representing engine exhaust temperature and peak
cylinder pressure limits, respectively, typical of prior art
timing strategies that control engine timing only as a func-
tion of load and speed. In particular, because in prior art
timing strategies engine timing is a function of load and
speed alone, line 120 defines a maximum operating limit line
set by the exhaust temperature limit (line 116). Without
sensing aftercooler coolant inlet temperature, line 120 can-
not be set above point ‘C’ since, in doing so, the engine
would operate above the exhaust temperature limit at a 90°
C. aftercooler coolant inlet temperature; i.e., the intersection
of line 116 and line 114. Similarly, line 122 defines a
maximum operating limit line set by the peak cylinder
pressure line 118. Without sensing aftercooler coolant inlet
temperature, line 122 cannot be set below point ‘D’ since, in
doing so, the engine would operate below the peak cylinder
pressure limit at a 30° C. aftercooler coolant inlet tempera-
ture; 1.e., the intersection of line 118 and 110.

The present invention provides a significant improvement
over this and other prior art engine timing strategies. For
example, at an aftercooler coolant inlet temperature of 30°
C. an engine NOx emission of 3.9 g/hp-hr is achieved (the
intersection of lines 116 and 110)—a 13.3% improvement
over the prior art NOx emission level of 4.5 g/hp-hr (point
'C’). Similarly, at an aftercooler coolant inlet temperature of
90° C., an engine BSFC of 208 g/kw-hr is achieved (the
intersection of lines 116 and 118)—a 1% improvement over
the prior art engine BSFEC of 210 g/kw-hr (point ‘D’).

In addition to providing reduced levels of engine emis-
sions and improved fuel consumption, the present invention
provides a means for optimizing the engine cooling system.
Reterring back to FIG. 1, radiator 32 is preferably con-

structed having a common core for providing cooling of

both the engine cooling circuit 28 and the aftercooler
cooling circuit 30. A common or single core is preferable
over a split core (i.e.; separate aftercooler and engine radia-
tors) in order to take advantage of the built-in overcapacity
available in the design of a typical engine cooling system.

For example, engine cooling circuit 28 includes a ther-
mostat and associated valving 57 which, below a predeter-
mined engine coolant temperature, bypasses radiator 32 and
routs engine coolant only within the engine. In the preferred
embodiment, thermostat 57 is a conventional mechanical
thermostat having a predetermined set point corresponding
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6

to the mechanical characteristics of the thermostat. Alter-
nately, thermostat 57 is contemplated as including a coolant
temperature sensor and associated valving controlled by the
engine controller 64 (as indicated by the dashed line) in
order to vary the set point temperature). Under normal
operating conditions, thermostat 57 routs only to radiator 32
the portion of the engine coolant necessary to maintain the
predetermined engine coolant temperature. It is only at
worst case hot day and high load engine conditions that
thermostat 57 routs substantially all of the engine coolant to
the radiator 32. As a result, under normal operating condi-
tions, the engine coolant system is typically under-utilized
(i.e., oversized).

Referring now to FIG. 4, a line 130 of aftercooler coolant
inlet temperature (°C.) versus ambient air temperature (°F.)
1s shown for a single core radiator having a cross-section of
approximately 85 square fect. Above an ambient air tem-
perature of 100° F. indicated at point ‘E’, the aftercooler
coolant inlet temperature is the same as that of a split core
radiator system (see line 132 of FIG. 5). At these high
ambient temperatures (100° F. and greater), the engine
coolant system is substantially fully utilized; that is, the

thermostat is routing substantially all of the engine coolant
through radiator 32.

Between pomt ‘F° and point ‘E’, corresponding to
between 90° F. and 100° F, the engine coolant system is
partially utilized; and because the thermostat 56 is routing
only a portion of the engine coolant through radiator 32,
there is extra cooling capacity available in the single core
radiator to lower the aftercooler coolant inlet temperature
below that of a comparably sized split core radiator. For
example, at 90° E the aftercooler coolant inlet temperature
for a single core radiator is 50° C., while the aftercooler
coolant inlet temperature for a split core radiator is 70° C.

Below point ‘F’, corresponding to below 90° F. ambient
air temperature, the engine coolant system is minimally
utilized, and because the thermostat is routing little to none
of the engine coolant through radiator 32, there is extra
cooling capacity available in the single core radiator to
further lower the aftercooler coolant inlet temperature below
that of a comparably sized split core radiator. For example,
at 40° F. the aftercooler coolant inlet temperature for a single
core radiator is 22° C., while the aftercooler coolant inlet
temperature for a split core radiator is 42° C.

As a result, the combination of a single or common core
radiator with an aftercooled boosted engine that utilizes an
aftercooler circuit separate from the engine cooling circuit
and that controls engine timing as function of aftercooler
coolant inlet temperature in addition to desired engine speed
(load) and actual engine speed, permits reductions in after-
cooler coolant inlet temperatures and associated reductions
in levels of NOx emissions.

For example, referring to FIGS. 6 and 7, lines of engine
BSFC (lines 134 and 135) and NOx emissions (lines 136 and
137) are plotted as a function of ambient air temperature for
a single core and a split core cooling system, respectively,
for an engine timing strategy set up to achieve minimum
levels of NOx emissions. Referring to FIG. 6, for a single
core radiator system on a 90° F. ambient day, corresponding
to an aftercooler coolant inlet temperature of 50° C., engine
NOx emissions are 4.3 g/hp-hr. Referring to FIG. 7, for a
split core radiator system on a 90° F.,, corresponding to a
aftercooler coolant inlet temperature of 70° C., engine NOx
emissions are 5.1 g/hp-hr. Therefore, in the specific pre-
ferred embodiment described above operating at a 90° F.
ambient day, the single or common core radiator cooling
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system provides a 16% improvement over a split core
radiator cooling system when used with an engine that
controls timing as function of aftercooler coolant inlet
temperature in addition to desired engine speed (load) and
actual engine speed.

Alternately, the combination of a single or common core
radiator with an aftercooled boosted engine that utilizes an
aftercooler circuit separate from the engine cooling circuit
and that controls engine timing as function of aftercooler
coolant inlet temperature in addition to desired engine speed
(load) and actual engine speed, permits reductions in after-
cooler coolant inlet temperatures and associated reductions

in levels of BSFC.

Referring now to FIG. 8, a method in the form of a
subroutine 200 is shown for a diesel engine in a vehicular
embodiment according to the present invention. Program
execution begins at step 202. In step 202, the various sensors
and program memory are reset as required. Program execu-
tion advances to step 204 to sense throttle position. Sensor
60 produces a throttle position signal corresponding to the
desired engine speed. Controller 64 receives the throttle
position signal and stores a throttle position value in
memory corresponding to-the throttle position signal. Pro-
gram execution advances to step 206 to sense timing gear
-speed. Sensor 56 produces a timing gear speed signal
corresponding to the actual engine speed. Controller 64
receives the timing gear speed signal and stores a timing
gear speed value in memory corresponding to the timing
gear speed signal. Program execution advances to step 208
to determine a speed error value as a function of the
difference between the throttle position value and the timing
gear speed value. Program execution advances to step 210 to
sense aftercooler coolant inlet temperature. Sensor 55 pro-
duces an aftercooler coolant inlet temperature signal corre-
sponding to the engine air inlet temperature. Controller 64
receives the aftercooler coolant inlet temperature signal and
stores an aftercooler coolant inlet temperature value in
emory corresponding to the aftercooler coolant inlet tem-
perature. Program execution advances to step 212 to look up
a fuel injection delivery value for beginning injection and a
duration value for ending injection. Program execution
advances to step 214 to issue a fuel injection signal accord-
ing to the delivery and duration values and then returns to

step 204.

Referring now to FIG. 9, a method in the form of a
subroutine 300 is shown for a diesel engine in a constant
speed embodiment according to the present invention. Pro-
gram execution begins at step 302. In step 302, the various
sensors and program memory are reset as required. Program
execution advances to step 304 to sense timing gear speed.
Sensor 56 produces a timing gear speed signal correspond-
ing to the actual engine speed. Controller 64 receives the
timing gear speed signal and stores a timing gear speed value
in memory corresponding to the timing gear speed signal.
Program execution advances to step 306 to look up a
constant in memory corresponding to the desired engine
speed and, at step 308, a speed error value is determined as
a function of the difference between the throttle position
value and the constant. Program execution advances to step
310 to sense aftercooler coolant inlet temperature. Sensor 55
produces an aftercooler coolant inlet temperature signal
corresponding to the engine air inlet temperature. Controller
64 receives the aftercooler coolant inlet temperature signal
and stores an aftercooler coolant inlet temperature value in
memory corresponding to the aftercooler coolant inlet tem-
perature. Program execution advances to step 312 to look up
a fuel injection delivery value for beginning injection and a
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duration value for ending injection. Program execution
advances to step 314 to issue a fuel injection signal accord-
ing to the delivery and duration values and then retumns to

step 304.

While the invention has been illustrated and described in
detail in the drawings and foregoing description, the same is
to be considered as illustrative and not restrictive in char-
acter, it being understood that only the preferred embodi-

ment has been shown and described and that all changes and
modifications that come within the spirit of the invention are
desired to be protected.

We claim;: -

1. A method for controlling timing of an engine, the
engine including a heat exchanger adapted for flowing
coolant therethrough to cool inlet air to the engine, the
coolant having a temperature corresponding to that of the
inlet air, the method comprising the steps of:

sensing a coolant temperature at said heat exchanger and
producing a responsive coolant temperature signal;

sensing an actual engine speed and producing a respon-
sive actual engine speed signal; and

sensing a predetermined engine speed input and deliver-
ing a responsive predetermined engine speed input
signal;

recetving said actual engine speed signal, said predeter-
mined engine speed input signal and said coolant
temperature signals and controlling engine timing in
response to said actual engine speed, predetermined
engine speed and coolant temperature signals.

2. The method of claim 1, wherein said engine includes a

fuel 1njection system and further including the steps of:

comparing said actual engine speed signal to said prede-
termined engine speed input signal and producing a
difference speed signal corresponding to the difference
between said actual engine speed and said predeter-
mined engine speed input, said step of receiving said
actual engine speed, predetermined engine speed, and
coolant temperature signals and controlling engine tim-
ing includes the step of:

controlling rate and duration of fuel delivered by the fuel
Injection system in response to said coolant tempera-

ture signal and said difference speed signal.
3. A method of claim 1 wherein said engine includes an
electronic ignition system and further including the steps of:

comparing said actual engine speed signal to said prede-
termined engine speed signal and producing a differ-
ence speed signal corresponding to the difference
between said actual engine speed and said predeter-
mined engine speed, said step of receiving said actual,
predetermined and coolant temperature signals and
controlling engine timing includes the step of:

controlling electronic ignition system timing in response
to said coolant temperature signal and said difference
speed signal.
4. A method for controlling timing of an internal com-
bustion engine, comprising the steps of:
sensing a predetermined engine speed and delivering a
responsive predetermined engine speed signal;

sensing an actual engine speed and delivering a respon-
sive actual engine speed signal;

determining a speed error between the predetermined and
actual engine speeds and delivering an error signal;

sensing attercooler coolant inlet temperature and deliver-
g a coolant inlet temperature;

determining fuel injection delivery and duration based on
aftercooler coolant inlet temperature and speed error;
and
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delivering a fuel injector signal based on said fuel injec-
tion delivery and duration.
>. A method for controlling timing of an internal com-
bustion engine, comprising the steps of:

sensing an actual engine speed and delivering a respon-
stve actual engine speed signal;

selecting a predetermined engine speed constant and

delivering a predetermined engine speed constant sig-
nal;

determining a speed error based on the actual engine
speed and the predetermined engine speed constant;

10

10

sensing an aftercooler coolant inlet temperature and deliv-
ering a responsive coolant inlet temperature signal;

determining fuel injection delivery and duration based on
the aftercooler coolant inlet temperature and the speed
error;, and

delivering a fuel injection signal based on said fuel
injection delivery and duration.
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